(12) United States Patent

US006887310B2

10y Patent No.: US 6,887,310 B2

Hwu et al. 45) Date of Patent: May 3, 2005
(54) HIGH-K GATE DIELECTRICS PREPARED (56) References Cited
BY LIQUID PHASE ANODIC OXIDATION
U.S. PATENT DOCUMENTS
(75) Inventors: Jenn-Gwo Hwu, Taipei (TW); Yen-Po 6,300,203 B1 * 10/2001 Buynoski et al. ........... 438/287
Lin, Taipei (TW); Szu-Wei Huang, 6,465,334 B1 * 10/2002 Buynoski et al. ........... 438/591
Taipei (TW) 6,559,051 B1 * 5/2003 Buynoski et al. ........... 438/678
(73) Assignee: National Taiwan University, Taipei * cited by examiner
(TW)
Primary Fxaminer—Felisa Hiteshew
(*) Notice: Subject to any disclaimer, the term of this
patent 15 extended or adjusted under 35 (57) ABSTRACT
U.S.C. 154(b) by 281 days. A method of preparing high-k gate dielectrics by liquid
phase anodic oxidation, which first produces a metallic film
(21) Appl. No.: 10/196,380 on the surface of a clean silicon substrate, next oxidizes the
(22) Filed: Jul. 17. 2002 metallic film to form a metallic oxide as a gate oxidizing
. . p . . . . . .
layer by liquid phase anodic oxidation, then promoting
(65) Prior Publication Data quality of the gate oxidizing layer by processing a step of
thermal annecaling. With this oxidation, a gate dielectric
US 2004/0011656 Al Jan. 22, 2004 layer of high quality, high-k and ultrathin equivalent oxide
(51) Imt. CL7 ..., C30B 25/12; C30B 25/14 thickness (EOT) can be produced, which can be integrated
(52) US.CL oo, 117/2; 117/3; 438/591;  1nto a complementary metal oxide semiconductor (CMOS)
438/678; 438/785 production process directly.
(58) Field of Search ......................... 11772, 3; 438/591,

Gate Current Density J.(A/cm?)

438/678, 785

MOS(P)

—__.-“._-_--_—
-——_ﬂ--“—_ T
_—uﬁ“l—*

i -——
amiilin
e

20 Claims, 4 Drawing Sheets

— Al ,0,(EOT=234)
----- S10,(234)

9 Devices

l R I

-1 0 1

T l I

2 3 4 9 b

Gate Voltage V. (V)



U.S. Patent May 3, 2005 Sheet 1 of 4 US 6,887,310 B2

(a) (b)




U.S. Patent May 3, 2005 Sheet 2 of 4 US 6,887,310 B2

NNNNNNNNNNWN

Fig. 2



U.S. Patent

May 3, 2005 Sheet 3 of 4 US 6,887,310 B2

Gate injection -1mA/cn’

—o—Before Annealing
—+~—After Annealing

Gate Current Density J.(A/cm?)

10 15 20 25 30 35 40 45 50 55 60 65
Stress time(sec)
Fig. d
MOS(P) — Al ,0,CEOT=23A)
————— Si0,(234)
9 Devices

l i | ] l |

-1 0 1 2 3 4 D 6
Gate Voltage V. (V)

Fi1g. 4



. Patent May 3, 2005 Sheet 4 of 4 US 6,887,310 B2

Equivalent Oxide Thickness ETO(A)
o
|

24
22 y l
20 f!l’; Slope =8|}x/8A130, =0). 4

| l 1 |

| | A N

10 2 30 40 50 60 70
A12030ptlcal Thickness TM:(),(A)

Fi1g. o

-1V

| | T T 1T 1T T
13 14 15 16 17 18 19 20 21 22 23 24

Equivalent Oxide Thickness ETO(A)
F1g. 0

Gate Current Density J.(A/cm?) @V,



US 6,557,310 B2

1

HIGH-K GATE DIELECTRICS PREPARED
BY LIQUID PHASE ANODIC OXIDATION

BACKGROUND OF THE INVENTION

The present mvention relates to a method of preparing,
high-k gate dielectrics by liquid phase anodic oxidation, and
more particularly to a method of using liquid phase anodic
oxidation to produce a gate dielectric layer of high quality,
high-k (k being the dielectric constant) and ultrathin equiva-
lent oxide thickness (EOT), which can be integrated with a
complementary metal oxide semiconductor(CMOS) process
directly.

The present technology of complementary metal oxide
semiconductor processes has reached to the times of deep
sub-micron devices. The more advanced nanotechnology
processes(<100 nm) also have been researched and devel-
oped to a point where it 1s rapidly becoming close to where
manufacturing will be implemented. Following the continu-
ous advancements 1n process techniques of this technology,
the gate-oxidizing layer of the transistor 1s getting thinner.
Though the advantages of prior silicon dioxide can’t be
replaced, the leakage current 1in the accumulation region
follows a trend of exponential growth with the reduction of
thickness. Therefore, high-k materials need to be researched
and developed as gate oxidizing layers. A high-k gate
oxidizing layer has lower leakage current compared with the
same cquivalent oxide thickness and very possibly will
replace silicon dioxide to be a gate oxidizing layer of the
transistor 1n the next generation.

The general prior art for the production of a thin high-k
metal oxidizing layer chiefly include thermal oxidation,
molecular beam epitaxy(MBE), chemical vapor deposition
(CVD) and atomic layer deposition (ALD). Therein thermal
oxidation requires depositing a layer of metal or a compound
containing the metal on the substrate and then producing the
metal oxidizing layer by thermal oxidation. Though the
traditional method 1s easy and convenient, the processing
must be performed at a high temperature. The metal oxidiz-
ing layer can be produced on the substrate directly by MBE,
CVD or ALD, 1nstead of expensive installations used to
form a high vacuum environment under high temperature.

With regard the technology of 0.13 um (micron) process-
ing being used 1 the manufacturing, the thickness of a gate
oxidizing layer of a transistor 1s about equal to 24 A. When
the thickness of a gate oxidizing layer 1s smaller than 30 A,
1solation of a gate oxidizing layer will be much influenced
by the direct tunneling effect, which results 1n the incremen-
tal increase of leakage current of a oxidizing layer to cause
power dissipation of the transistor in the closed situation and
the possibility of a wrongly switched circuit. When devices
are minimized, the current driving ability of the transistors

decreases. From the current formula of the metal oxide
semiconductor field effect transistor (MOSFET),

If%ﬂCQXW/L (Vgs_ VI)E

wherein,
I, means drain current,
¢ means channel mobility,
C,» means capacitance of oxidizing layer,
W means channel width,

L. means channel length,
V., means voltage of gate corresponds to source,
V. means threshold voltage.

10

15

20

25

30

35

40

45

50

55

60

65

2

We know that if we want to increase the current of the
transistor, we must first increase C,,- so as to keep a stable
current-driving ability while the characterized size of
devices are minimized.

To solve the foregoing problems, it 1s required to 1ncrease
physical thickness and value of dielectric constant so as to
decrease leakage current of an oxidizing layer and to
increase C,,-. Therefore, using high-k materials to replace
silicon dioxide as gate oxidizing layers 1s a necessary trend.
The high-k gate oxidizing layers also calls for high-k gate
dielectrics.

It has therefore been tried by the mventor to develop a
method of preparing high-k gate dielectrics by liquid phase
anodic oxidation, which first produces a metallic film on the
surface of clean silicon substrate, next oxidizes said metallic
film to form a metallic oxide as a gate oxidizing layer by
liquid phase anodic oxidation, and then promotes quality of
the gate oxidizing layer by performing a step of thermal
annealing. With this oxidation, a gate dielectric layer of high
quality, high-k and ultrathin equivalent oxide thickness can
be produced, which can be integrated with the complemen-
tary metal oxide semiconductor process directly.

SUMMARY OF THE INVENTION

A primary object of the present invention 1s to provide a
method of high-k gate dielectrics prepared by liquid phase
anodic oxidation, which first produces a metallic film on the
surface of clean silicon substrate, next oxidizes said metallic
film to form a metallic oxide as a gate oxidizing layer by
liquid phase anodic oxidation, and then promotes quality of
said gate oxidizing layer by processing a step of thermal
annealing. With this oxidation, a gate dielectric layer of high
quality, high-k and ultrathin equivalent oxide thickness can
be produced, which can be integrated with a complementary
metal oxide semiconductor process directly.

Another object of the present invention 1s to provide a
method of producing a metal oxide semiconductor field
eifect transistor that contains high-k gate dielectrics, which
first produces the p-well and the n-well 1n a silicon substrate
and fills an oxide for 1solation. According to the method a
metallic film then 1s produced on the surface of said clean
silicon substrate and said metallic film 1s oxidized to form a
metallic oxide as a gate-oxidizing layer by liquid phase
anodic oxidation. Next, quality of said gate oxidizing layer
1s promoted by performing a step of thermal annealing so as
to form a gate layer on the gate metal oxidizing layer. The
gate region 1s defined and the gate, drain and source of the
tfransistor are formed by 1on implantation. Then an oxide-
1solating layer 1s deposited on the gate layer. After etching
the window of the gate, drain and source, a contact wire 1s
deposited. The concentration of junction traps i1s decreased
by using thermal annealing so as to produce a metal oxide
semiconductor field effect transistor that contains high-k
gate dielectrics.

BRIEF DESCRIPTION OF THE DRAWINGS

The structure and the technical means adopted by the
present invention to achieve the above and other objects can
be best understood by referring to the following detailed
description of the preferred embodiments and the accompa-
nying drawings, wherein

FIG. 1 1s a diagram that shows the process of producing
high-k gate dielectrics that can be 1ntegrated with a comple-
mentary metal oxide semiconductor process (Al,O;, for
example)

FIG. 2 1s a diagram that shows the composition of liquid
phase anodic oxidation.
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FIG. 3 1s a diagram that shows a change of gate voltage
corresponds to time, while 1njects a constant current of -1
mA/cm ~ into the gate of an AlL,O, MOS device.

FIG. 4 1s a diagram that shows current-voltage (I-V)
characters of Al,O; whose EOT 1s 23 A.

FIG. § 1s a diagram that shows a high-k Al,O, dielectric

layer whose k 1s 9.7, calculated from values of EOT corre-
sponding to optical thickness.

FIG. 6 1s a diagram that shows the comparison of leakage
current of Al,O, and S10,, corresponding to different equiva-
lent oxide thickness.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Embodiment 1

Please refer to FIGS. 1(a)~(e), which are diagrams that
show the process of producing high-k gate dielectrics that
can be integrated with a complementary metal oxide semi-
conductor process(Al,O;, for the example). As shown, to
oxidize a metal to form a metallic oxide by liquid phase
anodic oxidation so as to produce a high-k gate dielectric,
the first step of the process i1s producing the p-well 2 and the
n-well 3 inside the P-type substrate and filling an oxide 4 for
isolation (as shown in FIG. 1(@)). Then a layer of ultrathin
metallic aluminum film 5 1s deposited on a clean P-type
substrate 1 by evaporation or sputtering (as shown in FIG.
1(b)). Next, the metal 1s oxidized to form a metallic oxidiz-
ing layer by liquid phase anodic oxidation (see FIG. 1(c),
where anode 6 1s the P-type substrate 1, cathode 7 1s a
platinum sheet, electrolyte 8 1s DI water or other organic,
inorganic electrolyte). And to promote quality of the oxi-
dizing layer, annealing (not shown) is performed to form a
gate aluminum oxide 9. Finally, a poly-silicon gate 91 1is
produced to work out a high-k gate dielectric (as shown in
FIGS. 1(a)~(e)).

Embodiment 2

Next to be described 1s an example of preparing metal
oxide semiconductor diode (MOS diode) by direct current
anodic oxidation 1 DI water 81. As described in the

foregoing preparing steps, first a 15 A pure aluminum {ilm
(99.9999%) 1s deposited on a clean silicon substrate by
evaporation. Then direct current anodic oxidation 1s per-
formed 1n DI water 81 using a value of electric field of 7.143
V/cm and an oxidizing time of 6.5 minutes, as shown 1n FIG.
2. Thereafter, annealing 1s performed at a high temperature
by using a furnace that burns nitrogen gas, and the annealing,
temperature is 650° C., the annealing time 1s 60 seconds, and
the result 1s the preparation of the oxidizing layer whose gate
is an aluminum metal that 1s produced by evaporation (3000
A). After that, the gate area (2.25-107* cm®) is defined by
photolithography and finally aluminum metal 1s again
evaporated as a back contact of a water to finish fabrication
of whole single device. The EOT of the aluminum oxide film
1s 23 A.

As for fabricating a metal oxide semiconductor field effect
transistor, the gate, source and drain of the transistor are
produced by 1on 1implantation after the definition of the gate
arca has been completed. A contact wire 1s deposited on the
gate, source and drain so as to form a metal oxide semicon-
ductor field effect transistor.

In the above-mentioned embodiments, of course, the
metallic film produced on the surface of said silicon sub-
strate must 1solate the electrode so that only the back of the
silicon substrate can be contacted with the electrode, so as
to form a uniform oxidizing electric field.
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An analysis of the results 1n the above-mentioned embodi-
ments now 1s provided as follow:

To research the importance of annealing at a high tempera-
ture toward the character of the device, we 1nject a
constant current of -1 mA/cm” into the end of the gate of
the MOS device to observe the change of gate voltage.
The result 1s shown m FIG. 3. The oxidizing layer
contains a lot of electron and hole traps before the
annealing 1s performed at a high temperature. When the
clectrons and holes are trapped while passing through the
oxidizing layer, they result 1n the large fluctuation of gate
voltage. But much improvement of the fluctuation of gate
voltage after annealing at a high temperature can be seen.
From those we can understand the importance of anneal-
ing at high temperature that contributed to improvement
of quality of dielectrics after anodic oxidation.
Current-voltage (I-V) characteristics of the device are

shown 1n FIG. 4. Leakage current of aluminum oxide was

100~1000 times lower than that of silicon dioxide, which
can be got 1 the accumulation region, while whole full
current can be got in the depletion region and inversion
region. The whole full current will enable channel mobility
to produce a mild decay.

FIG. 5 1s a graph showing the value of optical thickness

measured by ellipsometer, and EOTs measured by C-V
measurement. From the following related formula,

€0/ EOT=€4 1503/ T apos
AEOT/AT 4 p05=€,/€ 2003

wherein
€ . means dielectric constant of silicon dioxide,
EOT means equivalent oxide thickness,
€ 4 -03 Means dielectric constant of aluminum oxide, and

T, .0z means optical thickness of alumimmum oxide,
we can get a high-k Al,O; dielectric whose k (€A;545) 15 9.7.

FIG. 6 1s a graph that shows the comparison of leakage
current of Al,O; and S10, with different equivalent oxide
thickness. We know that the process i1s a stable process
which can be reproduced, and get lower leakage current than

S10,’s by all different values of EOT.

Based on the analysis results of the above-mentioned
better embodiments, the following features of the invention
may be described:

1. A film of the metal oxidizing layer that is produced by
liquid phase anodic oxidation can be a gate dielectric of
a MOSFET. This method can get excellent oxidation
control toward metallic film at room temperature, so that
a metal oxidizing layer of high quality and high-k can be
produced. Furthermore, EOT of the metal oxidizing layer
can decrease to 14 A and still have better electric char-
acteristics. In future advanced processes below 0.13
micron technology, EOT would be lower than 20 A.
Accordingly, the invention that can be integrated to the
most advanced process will play an important role 1n the
fabrication of the gate oxidizing layer.

2. The 1nvention requires only cheap and etfective liquid
phase anodic oxidation, which first deposits a layer of
metal on a substrate and etffectually oxidizes the deposited
metal to form a metal oxidizing layer under applicable
control of oxidizing voltage and time. Compared with the
prior art, the process can proceed at room temperature
without using expensive mstruments and doesn’t have a
need to be produced in a high vacuum (<10~ torr)
environment. Therefore, both the thermal budget of the
produced environment and the production cost can be
decreased effectually and easily be integrated into the
present design condition and process installation.
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3. The mvention uses liquid phase anodic oxidation at room
temperature 1n the oxidation of the metallic layer, which
can produce an ultrathin (EOT<20 A) gate oxidizing layer
with high quality and can be integrated into the present
CMOS process directly without changing any process
parameter or step to achieve the final purpose of mini-
mizing devices.

4. The liquid phase anodic oxidation used by the invention
allows for a lot of choices and applications. For instance,
to use one way such as evaporation, sputtering, MBE or
CVD as a production method. The metal for preparation
can be a metal whose oxides are of high-k, such as
aluminum (Al), tantalum (Ta), titanium (Ti), zirconium
(Zr) or lanthanons (LLa). Anode is a chip and cathode can
be a platinum (Pt) sheet or an N-type semiconductor.
Electrolyte can be DI water, or other organic or inorganic
clectrolyte. Power supply for usage can be direct current
(D) anodic oxidation, alternating current (AC) anodic
oxidation, direct-alternating current (DAC) anodic oxida-
tion or constant current (CC) anodic oxidation. And the
thermal annealing installation can be a furnace or rapid
thermal annealing (RTA) installation. The thermal anneal-
Ing gas can be nitrogen gas, oXygen gas, ammonia gas,
nitrous oxide gas or forming gas (90% N,+10% H.,).
While using a furnace, the annealing temperature 1s about
500 to 900° C. and the annealing time is about 1 to 90
minutes. While using an RTA 1nstallation, the annealing
temperature is about 800 to 1000° C. and the annealing
time 1s about 0 to 60 seconds.

The following are objectives realized by the mvention, as
above-mentioned,

(1) To decrease the thermal budget of the producing envi-
ronment and producing cost effectually.

(2) To be integrated directly into CMOS process without
changing any process parameter or step.

(3) To facitate production of gate dielectrics of high quality,
high-k and ultrathin equivalent oxide thickness.

The present 1nvention has been described with preferred
embodiments thereof and it 1s understood that many changes
and modifications 1 the described embodiments can be
carried out without departing from the scope and the spirit
of the mvention as defined by the appended claims.

What 1s claimed 1s:

1. A method of preparing high-k gate dielectrics prepared
by a liquid phase anodic oxidation, comprising the following,
Steps:

providing a silicon substrate and producing a metallic film

on a clean surface of the silicon substrate, and

then oxidizing the metallic film to form a metallic oxide

as a gate oxidizing layer by liquid phase anodic
oxidation, and performing thermal annealing to pro-
mote quality of the gate oxidizing layer.

2. A method as claimed 1n claim 1, wherein anode 1s a
silicon substrate, cathode 1s a platinum sheet or a N-type
semiconductor, electrolyte 1s DI water, other organic or
inorganic electrolyte.

3. Amethod as claimed 1n claim 1, wherein power supply
for usage can be direct current anodic oxidation, alternating
current anodic oxidation, direct-alternating current anodic
oxidation or constant current anodic oxidation.

4. A method as claimed 1n claim 1, wherein the metallic
film produced on the surface of said silicon substrate must
1solate to the electrode to make only the back of the silicon
substrate to be contacted with the electrode so as to form a
uniform oxidizing electric field.

5. A method as claimed i1n claim 1, wherein thermal
annealing 1nstallation can be furnace or rapid thermal
annealing installation.

6. A method as claimed 1n claim §, wherein thermal
annealing gas can be nitrogen gas, oxygen gas, ammonia
gas, nitrous oxide gas or forming gas (90% N,+10% H.,).
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7. A method as claimed 1n claim 5, wherein the annealing
temperature 1s about 500 to 900° C. while using furnace, and
the annealing temperature is about 800 to 1000° C. while
using rapid thermal annealing installation.

8. A method as claimed 1n claim 5, wherein the annealing
fime 1s about 1 to 90 minutes while using furnace, and the
annealing time 1s about 0 to 60 seconds while using rapid
thermal annealing installation.

9. Amethod as claimed 1n claim 1, wherein the producing
way can be evaporation, sputtering, molecular beam epitaxy
or chemical vapor deposition.

10. A method as claimed 1n claim 1, wherein the metal for
preparation can be a metal whose oxides are of high-k, such
as aluminum, tantalum, titantum, zirconium or lanthanons.

11. A method of producing a metal oxide semiconductor
field effect transistor that contains high-k gate dielectrics,
including the steps of

first producing a p-well and an n-well on a silicon
substrate and filling an oxide for 1solation;

then producing a metallic film on a clean surface of said
silicon substrate and to oxidizing said metallic film to
form a metallic oxide as a gate-oxidizing layer by
liquid phase anodic oxidation;

next, to promote quality of said gate oxidizing layer,
performing thermal annealing to form a gate layer on
the gate metal oxidizing layer;

defining a gate region and forming the gate, drain and
source of the transistor by 1on implantation;

then depositing an oxide-1solating layer on the gate layer;

ctching a window of the gate, drain and source; and,

then depositing a contact wire, and decreasing a concen-

tration of junction traps by using thermal annealing.

12. A method as claimed in claim 11, wherein anode 1s a
silicon substrate, cathode 1s a platinum sheet or a N-type
semiconductor, electrolyte 1s DI water, other organic or
inorganic electrolyte.

13. A method as claimed i1n claim 11, wherein power
supply for usage can be direct current anodic oxidation,
direct-alternating current anodic oxidation, direct-
alternating current anodic oxidation or constant current
anodic oxidation.

14. A method as claimed in claim 11, wherein the metal
film produced on the surface of said silicon substrate must
1solate to the electrode to make only the back of the silicon
substrate to be contacted with the electrode so as to form a
uniform oxidizing electric field.

15. A method as claimed 1n claim 11, wherein thermal
annealing installation can be furnace or rapid thermal
annealing installation.

16. A method as claimed in claim 15, wherein thermal
annealing gas can be nifrogen gas, oxygen gas, ammonia
gas, nitrous oxide gas or forming gas (90% N,+10% H.,).

17. A method as claimed 1n claim 15, wherein the anneal-
ing temperature 1s about 500 to 900° C. while using furnace,
and the annealing temperature is about 800 to 1000° C.
while using rapid thermal annealing installation.

18. A method as claimed 1n claim 15, wherein the anneal-
ing time 1s about 1 to 90 minutes while using furnace, and
the annealing time 1s about 0 to 60 seconds while using rapid
thermal annealing installation.

19. A method as claimed 1n claim 11, wherein the pro-
ducing way can be evaporation, sputtering, molecular beam
epitaxy or chemical vapor deposition.

20. A method as claimed 1n claim 11, wherein a metal for
preparation can be a metal whose oxides are of high-k such
as aluminum, tantalum, titanium, zirconium or lanthanons.
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